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A small population of long-lived quiescent HSPCs 3 residing in the bone marrow sustains lifelong hematopoietic function and provides regenerative capacity through cycles of self-renewal and differentiation (1) . Cell fate commitment yields a cascade of successively more restricted progenitor populations that give rise to circulating blood and mature immune cells (2) . HSPC activation relies on cell-autonomous programs as well as extrinsic cues from the surrounding bone marrow microenvironment where mesenchymal stromal cells, osteoprogenitors, and endothelial cells act through the paracrine action of secreted cytokines and angiogenic factors (3) (4) (5) (6) .
Recent studies indicate that HSPC self-renewal and emergence from quiescence are also regulated by type I and II interferons as well as Toll-like receptors (TLRs), signals associated with innate immunity (7) (8) (9) (10) , and known to contribute to regenerative HSPC responses (11) (12) (13) (14) (15) . TLR signaling involves a number of transmembrane receptors and several critical adaptor molecules (16) . Among them, the myeloid differentiation factor (MyD88) occupies a central role in transducing both surface and endosomal signals for most TLRs. Evidence supports TLR activation in the HSPC response to diverse stimuli, including radiation, bleeding, and infection (reviewed in Ref. 12 ). More recent reports, however, indicate that these mechanisms are also relevant for "tonic" homeostatic function and as well as developmental emergence of HSPCs (15, 17, 18) . Indeed, many cytokines central to the inflammatory response are also critical to HSPC maintenance and differentiation (19 -21) .
Extracellular vesicles (EVs) are constitutively released from cells and are powerful paracrine regulators of bystander cell function (22) (23) (24) . We recently described the role of exosomes (a subtype of EVs, 30 -110 nm in diameter) released from leukemia cells and their ability to actively suppress HSPC function (25, 26) . Mesenchymal stromal cells similarly release EVs that confer regenerative capacity in several (non-hematopoietic) tissues (reviewed in Ref. 27) . Here, we test the hypothesis that EVs released from mesenchymal stromal cell (MSCs) present in the bone marrow can regulate HSPCs. Our in vitro and in vivo observations show, for the first time, that MSC-derived EVs expand myeloid-based (MPP2-4) progenitor cells. We confirm both TLR4 co-localization in endosomal compartments and HSPC activation by MSC EVs. Mechanistically, we show that
Results
Bone Marrow-and Adipose-derived Stromal Cells Release a Heterogeneous Population of EVs-MSCs are critical to HSPC function, and several groups have reported the efficient release of EVs from bone marrow (BM)-derived MSCs (27, 28) . Here, we set out to characterize three cellular sources of MSCs and their EVs. In addition to murine MSCs from a biorepository funded by the NHLBI, National Institutes of Health (validated by others (29, 30) ), we analyzed BM-derived (primary mouse bone marrow-derived MSCs (PriMSCs)) as well as adipose-derived stromal cell (ADSC) MSCs from C57BL/6 animals, all extracted and propagated according to established protocols (31, 32) . Using a broad panel of antibodies, we demonstrate the expression of characteristic MSC markers on cells from all sources ( Fig. 1A ) and confirm the predicted adipogenic and FIGURE 1. Mouse mesenchymal stromal cells are potent producers of extracellular vesicles. A, representative results showing expression of typical mesenchymal stromal cell surface markers on MSC (from Tulane University biorepository; TuMSC) (green), PriMSC (blue), and ADSC (red) assessed by flow cytometry. B, differentiation potential of each cell type was assessed by growing cells in osteogenic (O) or adipogenic (A) induction medium. Adipocytes and osteocytes were stained using Oil Red O and Alizarin Red S staining, respectively. C, conditioned medium from each cell type was assayed for EV size and concentration distribution using nanoparticle tracking analysis. Individual vesicles were imaged using transmission electron microscopy at 37,000ϫ magnification (inset). Scale bar is 200 nm. D, EVs from each cell type were enriched using differential ultracentrifugation and assessed for typical exosome markers by immunoblotting.
osteogenic differentiation induction via Oil Red O stain and Alizarin Red S, respectively, ( Fig. 1B ). Next, we generated EV preparations from all three sources according to protocols established in the lab (25, 26) . We characterized these EVs by transmission electron microscopy for morphology and size, nanoparticle tracking analysis for size and concentration, and Western analysis for characteristic vesicle-associated proteins. Results reveal a mixed population of spherical and cup-shaped vesicles, ranging broadly from 100 to 400 nm, and expressing characteristic EV markers Rab5 and TSG101 ( Fig. 1, C and D) . Our aggregate data indicate that all three sources of stromal cells release a heterogeneous population of EVs.
In Vitro Exposure to MSC-derived EVs Activates Hematopoietic Progenitors via MyD88-dependent Signaling-To determine whether stromal derived EVs impact hematopoietic function, we exposed c-Kit-enriched murine HSPCs to concentrated EVs, prepared by serial ultracentrifugation, for 48 h, followed by immunophenotypic analysis. Results show a significant expansion of the HSPC KSL (c-Kit ϩ , Sca-1 ϩ , lineage-negative) compartment following EV exposure, but not in those cultured in the presence of vesicle-depleted medium (termed: S100) that retains non-vesicle-associated factors, including cytokines, and angiogenic factors. To understand the downstream effects of MSC EV-mediated HSPC activation, we examined the fate of specific HSPC subsets following MSC EV exposure using a combination of antibodies that distinguish the earliest progenitors and that have validated functional attributes (2, 33) . Principally, based on the absence of differentiated lineage markers and the presence of surface markers c-Kit, Sca-1, CD48, and CD150, we found prominent expansion of MPP2 and MPP3/4 progenitors (as defined by others (2, 33, 34)) but not the less mature, multipotent MPP1 progenitors ( Fig.  2A ). Differentiation and selective MPP2 and MPP3/4 expansion are anticipated to coincide with a loss of quiescence and increased entry into cell cycle. Indeed, when comparing EVwith S100-exposed HSPCs, we observe aggregate gains in G 1 /S/ G 2 /M phase with a loss of quiescence (G 0 ) following EV exposure of HSPCs ( Fig. 2B ). To determine the functional consequences of EV exposure, we evaluated progenitor clonogenicity in methylcellulose, scoring colony-forming progenitors (CFU-C) FIGURE 2. Bone marrow MSC-derived EVs induce HSPC activation and differentiation in a MyD88-dependent mechanism. A, representative flow cytometry dot plots demonstrating gating strategy used for immunophenotyping HSPCs. WT C57BL/6 bone marrow cells were harvested and enriched for HSPCs using a magnetic hematopoietic progenitor enrichment kit, and then cells were exposed to MSC-derived concentrated EVs (EV) or EV-depleted conditioned medium (S100) for 48 h. HSPCs were assessed by the presence of KSL (lineage Ϫ , C-Kit ϩ , Sca-1 ϩ ) and SLAM markers (CD48 and CD150). MPP3/4, KSL/CD48 ϩ /CD150 Ϫ ; MPP2, KSL/CD48 ϩ /CD150 ϩ ; SLAM, KSL/CD48 Ϫ /CD150 Ϫ . B, the fate of the HSPCs after EV exposure was assayed by Ki67/Hoechst cell cycle analysis. Right panels show representative images of flow cytometry dot blots and histograms. C, to assay colony formation potential, HSPCs were plated in methylcellulose at 3,000 cells/ml, and total colony count and colony type scoring were done after 7 days of culture. Right-most panels depict representative images of colony types. D, to examine MyD88-dependent TLR4 involvement, MyD88 Ϫ/Ϫ bone marrow cells were harvested and enriched for HSPCs using magnetic enrichment, and then exposed to EV or S100 conditions. All significance values were calculated using a two-tailed t test, and statistical significance was set at p Յ 0.05. Error bars indicate means Ϯ S.E. E, erythrocyte; GEMM, granulocyte, erythrocyte macrophage/monocyte, megakaryocyte; M, macrophage; GM, granulocyte, macrophage. and subtypes. We found that the overall colony formation after exposure to EVs is equipotent in maintaining colony formation to that seen after S100 exposure of HSPCs. However, EV exposure results in the increased formation of CFU-M (monocyte colony-forming unit) and CFU-G (granulocyte colony-forming unit) when compared with the S100, suggesting an increase in the population of myeloid-committed progenitors (Fig. 2C ).
Because TLR signaling is a known contributor to HSPC activation and subsequent expansion (9, 10), we next turned our attention to MyD88, a TLR adaptor protein, to validate the observed phenotype and further delineate the mechanism by which this expansion occurs. We tested HSPCs from animals with genetic disruption of MyD88 by exposure to MSC-derived EVs and found that the absence of MyD88 reduces expansion of immunophenotypically defined HSPCs after EV exposure when compared with S100 ( Fig. 2D ).
EV-mediated Expansion Occurs via TLR 4 Engagement-Data to this point were consistent with the notion that MSC EV exposure might prompt the engagement of TLR4 as a specific candidate mechanism involved in HSPC expansion. When we used LPS, an extensively studied activator of TLR4, we readily replicated the observations made after EV exposure and demonstrated that treatment with TAK-242, a pharmacological inhibitor of TLR4, abrogates the effect of both EV exposure and LPS ( Fig. 3A) (14, 20) . Functionally, colony-forming analyses demonstrate that TLR4 inhibition is sufficient to reverse the bias in committed progenitor colony composition after EV exposure ( Fig. 3B ). We used confocal microscopy to examine EV interaction with cell surface TLR4 receptor and their ensuing intercellular fate. Using myristoylation to tag reporter proteins to the lipid bilayer membranes (35, 36) , we marked MSCs to produce myristoylated/palmitoylated tomato protein (mTomato)-tagged EVs and utilized confocal immunofluorescent microscopy to determine co-localization partners of stably labeled EVs. Results demonstrate quantitative co-localization of EVs and TLR4. To further resolve the TLR4 activation by EVs in HSPCs, we additionally queried internalization of EVs, observed co-localization with Rab5-expressing early endosomal compartments (Fig. 3C ), and showed that TLR4-EV colocalization occurs with fairly rapid kinetics over the course of 24 h (Fig. 3D ). TLR4 activation is predicted to lead to potent induction of cytokines in HSPCs (37) .
MSC EVs Lead to NF-B Induction and Cytokine Dysregulation-Given the involvement of TLR4 signaling, we proceeded to delineate HSPC-specific downstream signaling events with emphasis on NF-B and Notch signaling, both with established relevance to HSPC function (9) . NF-B is a central transcription factor that can be activated in HSPCs by paracrine cues. To identify the putative functional axis of MSC EV-derived activation of NF-B signaling, we used TLR4-responsive, stably transduced murine NF-B reporter cells. These reporter cells were co-cultured in EV versus S100 conditions, and NF-B expression was measured by luminescence emission 48 h later. Experiments show that NF-B is functionally up-regulated following EV exposure ( Fig. 4A ). We also tested the well defined downstream NF-B targets HIF1␣ and CCL2 and found increased expression after EV exposure when compared with S100. Because the TLR4-mediated NF-B signaling cascade elicits downstream activation of Notch signaling in hematopoietic cells (15) , we next tested Notch targets p21, Jag1, and the transcriptional repressor Hes1. Modest differences suggest that notch is unlikely to be a downstream target ( Fig. 4B) (38, 39) .
We next tested a candidate panel of canonical TLR4-responsive cytokines for both transcriptional activation and secretion, after either EV or S100 exposure. Transcriptional analysis of EV-exposed HSPCs reveals an up-regulation of several known TLR4-responsive cytokine genes (IL6, TNF␣, Stat1, and EGFR) in WT but not MyD88 Ϫ/Ϫ HSPCs (Fig. 4C ). This EV-mediated increase is abrogated after inhibition of TLR4 by TAK-242 ( Fig. 4D ), further supporting EV involvement in HSPC expansion. Next, we examined the cytokine profile secreted by HSPCs after EV or S100 exposure. We observed increased secretion of proinflammatory cytokines such as IL-6, IFN␥, TNF␣, and IL-1␤, which have been shown to drive HSPC myeloid differentiation fate ( Fig. 4E) (19, 21) , consistent with transcriptional analyses.
MSC EVs Mediate HSPC Activation and Differentiation-Finally, to determine the impact of the progenitor expansion on hematopoietic repopulation, we transplanted EV-and S100exposed lineage-depleted HSPCs into myeloablated CD45mismatched recipients (Fig. 5A ). We used a crossover design to exclude strain-specific CD45.1 versus CD45.2 differences in repopulation capacity. We systematically tracked overall and leukocyte subset chimerism in recipient cohorts over time.
Results demonstrate that the in vitro myeloid bias after EV exposure is rapidly lost and instead leads to a significant overall engraftment deficit at 16 weeks when compared with S100exposed HSPCs (Fig. 5B ). To specifically test the TLR4-responsive myelopoiesis response to MSC EV exposure, we next determined the competitive repopulation capacity of Tlr4 Ϫ/Ϫ and WT grafts, respectively, using equal numbers of input donor HSPCs. In this model, significant deficits in the WT myeloid compartment became apparent early after transplantation when compared with Tlr4 Ϫ/Ϫ contributions ( Fig. 5C ). We also undertook serial xenografting in this model and found consistent loss of chimerism in WT EV-exposed HSPCs (Fig. 5D ). Unfortunately, statistical significance in the overall cohort was not achieved, a likely reflection of the recently described engraftment defect in CD45.1 recipients (40) . Combined, the data corroborate recent reports of TLR4-mediated myelosuppression and long-term HSC exhaustion (41) .
Discussion
Extrinsic cues shape the hematopoietic response to stress and injury (8) , and inflammatory signaling via interferon and tumor necrosis factor is a recently described physiological regulator of HSPCs during development (9, 10) . Indeed, TLR engagement is a powerful stimulus for the release of inflammatory cytokines by murine HSPCs, leading to their expansion and ultimate exhaustion (15, 20) . Here, we confirm a role for extracellular vesicles in signaling via TLRs, and present the first functional and immunophenotypic evidence for their impact on progenitor differentiation.
Hematopoietic stem cells give rise to mature, immunophenotypically defined, lineage-restricted progenitors (2, 20) . Post-natally, the bone marrow and MSCs within provide critical stimuli for HSPC maintenance (5, 28) . The release of EVs from MSCs is a constitutive cellular function and confers regenerative potential following experimental cardiac or kidney injury (27, 42, 43) . Here, we carefully characterize murine bone marrow-derived stromal cells using extensive immunophenotyping as well as osteogenic and adipogenic differentiation assays and the vesicle populations released by MSCs. These studies provide a diverse picture of EVs released from MSCs, beyond an exosome-sized population (44 -46) . As they are a presumably more physiological representation of the BM microenvironment, we deliberately and abstained from up-front isolation of . HSPC differentiation is induced by TLR4-mediated signaling of MSC EVs. A, differentiation potentials of MSC EV-exposed HSPCs were analyzed by flow cytometry. The role of TRL4 receptor was tested by TLR4 inhibitor TAK-242 in HSPCs using LPS as a positive control and compared against EV-treated HSPCs, and differentiation potential was analyzed using flow cytometry. B, CFU assay to measure colony formation potential after TLR4 inhibition in EV-treated HSPCs. Cells were plated in methylcellulose at 3,000 cells/ml, and total colony count and colony type scoring were done after 7 days of culture. C, representative imaging of mTomato-tagged EVs (red) and their interaction with TLR4 receptor (green) in early and late endosomes. Rab5 and Rab7 (magenta) expressions as early and late endosome markers are used to depict endocytosis stages. Con, control. D, representative imaging of co-localized TLR4 and mTomato-tagged EVs. Association kinetics of TLR4 on HSPCs and mTomato-tagged MSC EVs are depicted as the Pearson's correlation coefficient plot, using co-localized voxels at 3-, 16-, and 24-h time points after EV exposure. Error bars indicate means Ϯ S.E. SEM-Luc, spontaneously evolved microglia-luciferase; Exo, extracellular vesicles. more rare MSC subpopulations or their EVs, although their contributions are likely to add additional nuance to the regulatory cascade described here (47) . Although we noted differences in incorporation of Rab5, TSG101, and GAPDH in EVs between different MSC sources, we have no evidence to directly link this to the observed TLR4-mediated activation of HSPCs.
MSC exosomes regulate the phenotypic behavior of THP-1 cells via MyD88 restricted mechanisms (45, 48) , and we there- Stably transduced and sorted SIM-A9 microglial cells were used for EV exposure followed by luciferase assay. The SIM-A9-NF-B-Luc cells were exposed with MSC EVs and incubated for 48 h followed by luciferase assay. Non-treated SIM-A9-NF-B-Luc and LPS-treated SIM-A9-NF-B-Luc cells were used as negative and positive controls, respectively. Luciferase activity was measured as relative florescence units (RFU). B, quantitative mRNA expression of NF-B and Notch-1 signaling and downstream targets involved in cell proliferation in MSC EV-exposed HSPCs. C, cytokines released by HSPCs after 48 h co-culture with MSC EVs when compared with S100 were measured using Luminex. D, quantitative mRNA expression of targets relevant for hematopoiesis and TLR4-mediated activation was analyzed in MSC EV-exposed WT and MyD88 Ϫ/Ϫ HSPCs. E, TLR4 signaling was specifically inhibited in WT MSC EV-exposed HSPCs using TAK-242. Error bars indicate means Ϯ S.E. fore systematically dissected key TLR signaling events. Our observations were consistent with prior reports of HSPC activation after in vitro exposure to LPS and a recent report of G-CSF action, in both cases via TLR4 (15, 49) . Indeed, LPS endotoxemia and G-CSF action enhance both short-term hematopoietic progenitor colony formation and transient expansion of murine HSPC progenitors with downstream exhaustion of the compartment and differentiation consistent with our findings herein (18, 20, 49) . We show that EV disruption by incubation with TLR4 inhibitor TAK-242 and mouse MSC EV exposure of HSPCs from mice with genetic inactivation of the adaptor protein MyD88 both interfere with multi-potent progenitor (MPP) expansion and differential colony formation, again consistent with the involvement of TLR4. Further downstream of MyD88, we tested the NF-B-driven HSPC cytokine response and saw a significant up-regulation of targets IL-6, TNF␣, G-CSF, and to a lesser extent, IL-1␣ and IL-10 but not IL-2, IL-12, or GM-CSF.
EVs can act through their cargo or via cell surface interaction on cells. We performed co-localization studies to further dissect the EV action via TLR4, as well as the specific association with internal endosomal compartments marked by Rab5 and Rab7, respectively, in murine HSPCs (50 -52). The observed co-localizing events appear at the cell surface during the early time points consistent with studies by others (48), followed by successive internalization of TLR4 alongside EVs at the later time points up to 24 h. Rapid kinetics, TLR4 restriction, and initial surface engagement are most consistent with EV membrane interaction in accounting for downstream signaling events, rather than EV RNA content.
Recent studies reveal cellular regulatory networks unique to specific immunophenotypically defined MPP subsets (2) . Here, we relied on those MPP definitions to classify the significant expansion of immunophenotypically defined progenitors after 48 h of liquid culture with EVs from marrow-derived murine MSC (31) . The observed EV-mediated culture expansion of HSC SLAM cells was surprisingly similar in magnitude to the EV-free fraction of the cell culture supernatant (S100) and medium controls, both replete with cytokines known to support HSPCs. Remarkably, we observed significant MPP2 and MPP3/4 gains that are functionally complemented by differential in vitro colony formation and coincide with decreased quiescence (G 0 ). This is consistent with our overall observation of skewed differentiation and underscores the importance of TLR4 regulation of myeloid progenitor commitment.
EVs can evoke regeneration after experimental kidney and cardiac injury, or in response to stress (42, 43, 53) . In HSPCs, canonical inflammatory signals via IFNs, TNF␣, or TLR not only shape the adult regenerative response (15) , but appear to be part of hematopoietic physiology and fetal development (9, 10) . The aggregate data reinforce an emerging picture of a highly context-dependent HSPC response whereby activation of different components of the innate immune response leads to unique, and not always deleterious, functional outcomes (41) . Indeed, our observations are more consistent with a role for TLR activation and downstream NF-B signaling in a physiological response mediated by the microenvironment (8, 13, 54) . Altogether, these studies provide a new level of understanding for the complexity of compartmental hematopoietic regulation involving the paracrine trafficking of EVs to HSPCs with myeloid-biased progenitor expansion activation via TLR4-MyD88-NF-B (Fig. 5E ).
Experimental Procedures
Cell Culture-PriMSCs were grown in MSC medium: IMDM, 15% FBS, 1% penicillin/streptomycin. Mouse MSCs were obtained from the Tulane Center for Gene Therapy and maintained as reported previously (29, 30) . Primary mouse ADSCs were isolated from the omentum of C57BL/6 mice and cultured in ADSC medium: IMDM, 20% FBS, 1% penicillin/ streptomycin, 10 Ϫ5 M hydrocortisone, 10 Ϫ4 M ␤-mercaptoethanol. MSC in vitro differentiation was induced using the following medium conditions: osteogenesis (20 mM ␤-glycerol phosphate, 50 M thyroxine, 1 nM dexamethasone, 0.5 M ascorbate-2-phosphate); adipogenesis (5 mM insulin, 50 M indomethacin, 0.5 M 3-isobutyl-1-methylxanthine). Vesiclefree (VF) FBS was produced by centrifugation of FBS (Gemini Bio-Products) at 100,000 ϫ g for 6 h.
Extracellular Vesicle Isolation and Labeling-MSCs were grown to confluency in four 15-cm cell culture plates (Corning) in VF MSC medium for 72 h. The medium from cultured plates was collected for serial centrifugation at 2,000 ϫ g for 20 min and 10,000 ϫ g for 20 min, followed by supernatant centrifugation at 100,000 ϫ g for 2 h. EV pellets were resuspended in 15% VF MSC medium for 4 h with vigorous shaking at 4°C. Supernatant collected from EV preparations after the 100,000 ϫ g spin is defined as S100 control. We measured endotoxin levels and found that levels were below the allowable limits in commercially available cell culture medium (Pierce LAL Chromogenic Endotoxin Quantitation Kit; Thermo Scientific, catalog number 88282).
Transmission Electron Microscopy-EV preparations (10 l) were deposited onto UV-activated carbon Formvar 400-mesh copper grids (Ted Pella 01822-F) for 3 min, rinsed, and stained in filtered 1.33% uranyl acetate, and then air-dried. Samples were imaged at 100 kV on a Philips CM120 transmission electron microscope operated by the Oregon Health & Science University Electron Microscope Core facility. Images were collected as 1,024 ϫ 1,024-pixel 14-bit grayscale. Gatan Digital Micrograph 3 (DM3) files on a Gatan 794CCD multiscan camera were converted into 8-bit grayscale TIF images using the program Digital Micrograph 3.4.
Western Blotting-Cell and EV samples were washed with PBS and lysed using radioimmunoprecipitation assay buffer with protease and phosphatase inhibitor (Thermo Scientific), followed by ultra-sonication (Cole-Parmer CPX-130). Lysates were prepared in LDS sample buffer (Life Technologies) with 8% ␤-mercaptoethanol and boiled 5 min for denaturation. Denatured protein lysates were loaded on 4 -15% Tris-HCl PAGE gel (Bio-Rad) for gel electrophoresis separation (50 min at 200 V) and transfer (overnight at 25 V). Transferred membranes were blocked with 5% nonfat dry milk (Carnation, Nestlé) in TBST and blotted with anti-GAPDH (1:5000, Novus Biologicals), anti-TSG101 (1:500, Santa Cruz Biotechnology) and anti-Rab5 (1:500, Cell Signaling Technology), followed by anti-rabbit IgG HRP conjugate (Promega) and anti-mouse IgG HRP conjugate (Promega). Blots were imaged in G-Box using GeneSys after a 5-min exposure to the SuperSignal West Pico Chemiluminescent HRP substrate (Thermo Scientific).
Nanoparticle Tracking Analysis (NTA)-EV samples were resuspended, and serial dilutions were prepared in nanofiltered (Whatman Anotop 25, 0.02-M) molecular-grade water (Thermo Scientific) using low-adhesion 1.7-ml tubes (GeneMate). Diluted samples were loaded into the NanoSight LM10 chamber (Malvern), the laser was engaged, and microparticles were visualized. Sixty-second videos were acquired with a Hamamatsu C11440 ORCA-Flash 2.8 camera and analyzed by NanoSight NTA 2.3 software. Individual samples were diluted to 1 ϫ 108 Ϫ1 ϫ 109 particles/ml.
RNA Analysis and Quantitative RT-PCR-RNA was extracted using miRNeasy or RNeasy (Qiagen) and quantified using a NanoDrop 2000c (Thermo) and Agilent Bioanalyzer (Agilent). cDNA was synthesized using a SuperScript III First Strand Synthesis Kit (Invitrogen) with oligo(dT) priming, followed by PCR. SYBR Green PCR (Applied Biosystems) was used for quantitative RT-PCR analysis. The ⌬⌬CT method was used for quantification. Primer sequences were: Hif1-a F, GCGTGTGAGGAAACTTCTGG; Hif1-a R, CACAAGGCC-ATTTCTGTGTGT; Tnf-a F, GAACTGGCAGAAGAGGC-ACT; Tnf-a R, GGTCTGGGCCATAGAACTGA; Il6 F, TTC-CATCCAGTTGCCTTCTT; Il6 R, CAGAATTGCCATT-GCACAAC; Ccl2 F, CCCAATGAGTAGGCTGGAGA; Ccl2 R, CCTTAGGGCAGATGCAGTTT; Egfr F, GAAGCCACATC-TCCAAAAGC; Egfr R, AGGAGGTACTGGGAGCCAAT; p21 F, GTATGTCCCCTGAGCAGAGC; p21 R, AAAAACCCAA-ACTGCACCTG; Stat1 F, GAGGTGAACCTGACTTCCA; Stat1 R, TCTGGTGCTTCCTTTGGTCT; Irf1 F, CCTGGGT-CAGGACTTGGATA; Irf1 R, TTCGGCTATCTTCCCTT-CCT; Irf9 F, TCCTGGAGCATCAACTTCCT; Irf9 R, ATTC-AGCAGGTGCTGGGTAG; Hoxa9 F, TCTCCGGGATGC-ATAGATTC; Hoxa9 R, TAGCAACCCTCTGCACACAC; Hes1 F, AAGTCCCTAGCCCACCTCTC; Hes1 R, AGGCGC-AATCCAATATGAAC; Jag1 F, CAGTGCCTCTGTGAGAC-CAA; and Jag1 R, GTTATGGCAGGGGTCAGAGA.
ELISA-Major proinflammatory cytokines and chemokines contained in the EVs and S100 medium were analyzed by ELISA. The Mouse Inflammatory Cytokines Multi-Analyte ELISArray Kit (Qiagen) is used to analyze the panel of 12 proinflammatory cytokines using by the ELISA protocol. The cytokines and chemokines represented by this array are IL-1A, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IFN␥, TNF␣, G-CSF, and GM-CSF. The ELISA was conducted as per the manufacturer's protocol.
Analysis of MSC Secreted Cytokine Content-Cell culture supernatants were analyzed for cytokines using a mouse Th1/ Th2 Luminex panel (eBioscience, San Diego, CA), which included IL-12, GM-CSF, IFN␥, IL-1␤, IL-13, IL-18, IL-2, IL-4, IL-5, IL-6, and TNF␣. This analysis was performed by the Endocrine Technologies Support Core (ETSC) at the Oregon National Primate Research Center (ONPRC) using the manufacturer's instructions. Briefly, 25 l of each cell culture supernatant was incubated overnight with antibody-coated, fluorescent-dyed capture microspheres specific for each, followed by detection antibodies and streptavidin-phycoerythrin. Washed microspheres with bound analytes were resuspended in reading buffer and analyzed on a Milliplex Analyzer (EMD Millipore, Billerica, MA) bead sorter with xPONENT software version 3.1 (Luminex, Austin, TX). Data were calculated using Milliplex Analyst software version 5.1 (EMD Millipore). Intra-assay CVs were as follows: IL-1␤, 14.2%; IL-2, 10.4%; IL-4, 6.9%; IL-5, 18.1%; IL-6, 5.7%; IL-13, 7.2%; IFN␥, 25.4%; IL-12, 14.0%; GM-CSF, 24.5%; TNF␣, 3.8%; IL-18, 6.4%. Because all samples were analyzed in a single assay, no inter-assay variation was calculated.
Generation of NF-B Luc GFP Reporter Cells-Human embryonic kidney (HEK-293T) cells were seeded at a density of 1.5 ϫ 107 cells per 15-cm tissue culture dish (Corning), precoated with 0.01% poly-L-lysine (Sigma), and transfected by using the transducing plasmid pHAGE NF-B-TA-luc-UBC-GFP-W and helper constructs pLP1, pLP2, and pLP/VSVG (Gibco-Invitrogen) (55, 56) . Calcium phosphate transfection was performed in the presence of DMEM (Gibco), 10% FBS (Gibco), 1% penicillin/streptomycin (Pen/Strep, Gibco). Vector supernatant was harvested 36, 48, and 72 h later, filtered through a 0.45-m filter, and pooled. For transduction, SIM-A9 microglia cells (57) were washed and resuspended in medium with 8 g/ml protamine sulfate (MP Biomedicals). Transductions took place overnight at 37°C followed by wash and maintenance in culture. After 48 h, GFP positive cells were sorted by Influx Cell Sorter (BD Biosciences). Sorted cells were washed twice, propagated, plated in a 10-cm plate, and used for luciferase assay after EV exposure.
Immunofluorescence Microscopy-mTomato-tagged EVs were prepared as described above. Primary murine MSCs were generated from mT/mG mice that constitutively express membrane-targeted mTomato protein, which allows visualization of membranous vesicles (35) . For imaging, lineage-negative cells were exposed to mTomato-labeled EVs overnight, washed twice in PBS, and labeled with anti-TLR4 followed by secondary staining by anti-mouse IgG Alexa Fluor 488 (Life Technologies) and PacBlue-anti-Sca-1 (Clone D7, BioLegend). Slides were mounted with Fluoromount G (Southern Biotech). Microscopy was performed on an Olympus IX71 with a 60 ϫ 1.4 NA oil lens; Z-stacks were acquired every 0.2 m with a Z-stack center bright-field reference, and images were processed with Delta-Vision softWoRx Explorer.
Flow Cytometry Analysis-All data were analyzed on FAC-SCANTO TM or LSR II TM cytometers (BD Biosciences). In vivo chimerism was studied using CD45.1 (BioLegend; A20) or CD45.2 (BioLegend; 104). Lymphoid/myeloid analysis was performed with CD3 (BD Pharmingen; 17A2), CD45R/B220 (BD Pharmingen; RA3-6B2), or CD11b/Mac-1 (BioLegend; M1/70). HSPC immunophenotyping was performed with c-Kit (Bio-Legend; 2B8), Sca-1 (eBioscience; D7), CD150 (BioLegend; TC15-12F12.2), or CD48 (BioLegend; HM48-1). Cell cycle analysis was performed with Ki67 (BD Pharmingen; 550609) or Hoechst 33342 Solution (BD Pharmingen; 561908). MSC immunophenotyping was performed with CD44 (BioLegend; IM7), CD45 (BD Pharmingen; 30-F11), CD51 (BioLegend; RMV-7), CD105 (BioLegend; MJ7/18), CD29 (BD Pharmingen; KMI6), or nestin (eBioscience; Rat-401). All antibodies are antimouse, and all collected data were analyzed with FlowJo (Tree Star).
In Vitro Co-culture and CFU Assay-Whole bone marrow cells were collected by flushing femurs and tibias from 6 -10week-old C57BL/6 mice, with Iscove's modified Dulbecco's medium. Samples were depleted of red cells by hemolysis and c-Kit-enriched using an EasySep Mouse Hematopoietic Progenitor Cell Enrichment Kit according to the manufacturer's instructions (StemCell Technologies Inc., Vancouver, British Columbia, Canada). c-Kit-enriched primary mouse HSPCs were co-cultured with EVs or S100 in IMDM supplemented with 15% VF FBS, 1% penicillin/streptomycin, 50 ng/ml mouse stem cell factor, and 50 ng/ml mIL3 for 48 h. For experiments involving the TLR-4 inhibitor (58), mouse HSPCs were precultured with 1 M TAK-242 (CLI-095, InvivoGen) for 30 min at 37°C, and lipopolysaccharide (Sigma-Aldrich) was added at 10 ng/ml as a positive control. After a 48-h co-culture, HSPCs were plated at 3Eϩ03 cells/ml in Mouse Methylcellulose Complete Medium (R&D Systems) in triplicates for CFU-C assays (37°C, 5% CO 2 , Ն95% humidity, ϫ 7 days).
Animal Husbandry-C57BL/6 mice were group-housed and allowed ad libitum access to standard chow pellets (Purina Laboratory Rodent Diet 5001; Ralston Purina Co., St Louis, MO). Following EV exposure, HSPCs were washed twice and resuspended in 200 l of Hanks' balanced salt solution, and 1.0Eϩ04 cells were injected intravenously into myeloablated (1,000 centigrays by Shepherd137 cesium irradiator) recipients (CD45.1; B6.SJL-Ptprca Pepcb/BoyJ). Following transplantation, retroorbital eye bleeds were performed at intervals, and white blood cells were analyzed for CD45.1/-.2 chimerism by flow-cytometry (28) . All animal studies were approved by the Oregon Health & Science University (OHSU) Institutional Animal Care and Use Committee. Myd88 (stock number 009088; B6.129P2 (SJL)-Myd88tm1.1Defr/J)-deficient animals and Tlr4 (stock number 007227; B6.B10ScN-Tlr4lps-del/JthJ)-deficient animals were obtained from The Jackson Laboratory.
Statistical Analysis-Continuous variables are summarized as means Ϯ S.E. Analysis of variance and subsequent two-tailed Student's t tests were employed for comparison between different conditions. Statistical significance was set at p Ͻ 0.05. 
